Summary. During unilateral pregnancy in the guinea-pig there is loss of formaldehyde\x=req-\ induced fluorescence from the adrenergic nerves supplying the uterus and its vasculature. This loss occurs initially near the site of implantation at about Day 20 of gestation and spreads progressively. Implantation of wax pellets containing progesterone into the uterine lumen or the gastrocnemius muscle of virgin guinea-pigs for 7 days produced loss of fluorescence from all local adrenergic nerves. No diminution of fluorescence was seen when pellets containing oestradiol were substituted. Chronic denervation studies showed that the adrenergic axons supplying the uterus and its arteries originated from both the ovarian artery and the pelvic region. Our results suggest that loss of adrenergic fluorescence within the uterus during pregnancy is due to an effect of placental progesterone which is localized to the uterus because the high concentration of progesterone necessary to cause fluorescence loss is not attained in the systemic circulation.
Introduction
In some species there is, during the course of pregnancy, a progressive disappearance of the charac¬ teristic formaldehyde-induced fluorescence normally associated with the adrenergic nerves of the uterus and its arterial supply. There is also a fall in the uterine content of noradrenaline. These declines have been observed in the guinea-pig (Sjöberg, 1968) , rabbit (Rosengren & Sjöberg, 1968) , man (Nakanishi, McLean, Wood & Burnstock, 1968) and dog (Ryan, Clark & Brody, 1974) and Bell ( 1972) has suggested that they constitute a protective mechanism against feto-placental ischaemia during generalized maternal sympathetic activation.
During unilateral pregnancy in the guinea-pig the disappearance of fluorescence occurs in both uterine horns, indicating that it is likely to be hormonally mediated rather than being secondary to mechanical compression of the uterine wall by the products of conception (Sjöberg, 1968) . By con¬ trast, no diminution of fluorescence of adrenergic nerves in other regions of the body is seen during pregnancy. The male internal genitalia receive their adrenergic innervation from 'short' pelvic neurones (Sjöstrand, 1965) which exhibit marked differences from the 'long' neurones of the sym¬ pathetic chain in their characteristics of transmitter turnover (see Bell, 1972) . It has been proposed that the pregnancy-induced loss of fluorescence is restricted to the intrauterine axons because these also arise from 'short' adrenergic neurones lying in the pelvic region (Sjöberg, 1968 ; Owman, Sjöberg & Sjöstrand, 1974) . Such an explanation is, however, in conflict with evidence presented by other workers which suggests that the adrenergic innervation of the guinea-pig uterus arises primarily from
Materials and Methods
The animals were from our outbred colony of smooth-haired guinea-pigs in which the females are reproductively active at 300 g body weight and the length of gestation is between 63 and 70 days (mean 65 days). The animals used were female fetuses removed by hysterotomy between Days 60 and 65 of gestation, virgin females weighing 300-700 g, and primigravid animals in which the right oviduct had been sectioned during a posterior lateral laparotomy under ether anaesthesia at least 3 weeks before mating to ensure unilateral pregnancy. The day on which a vaginal plug was found was taken as Day 1 of pregnancy and the stage of gestation was confirmed at the time of dissection by comparing the fetal crown-rump lengths with those recorded by Draper (1920) .
Histochemistry
Animals were killed by cervical dislocation and exsanguination. Samples less than 2 mm thick were taken from the uterine horns and body, oviducts, vagina, radial and main parametrial arteries, mesenteric arteries and atria and were placed on numbered paper tags, frozen in liquid propane and freeze dried at -40°C and 0-13 Pa for at least 40 h. They were then incubated at 80°C for 60-90 min with paraformaldehyde (Merck) equilibrated at 65% humidity to convert tissue noradrenaline to a fluorescent product (Falck & Owman, 1965 (Bell, 1973 
Perfusions
Guinea-pigs were killed by cervical dislocation after intracardiac injection of 1000 units heparin sodium. For investigation of intrauterine vascular connections the left uterine artery was cannulated with polythene tubing (PE50) through the common iliac artery. Both ovarian arteries and the contralateral iliac artery above the uterine artery were then ligated. The inferior vena cava was opened and the uterine arterial cannula was connected to a reservoir of modified Krebs solution (McEwan, 1956 ) with a constant perfusion pressure head of 100 mmHg. When all visible blood had been washed from the uterus 0-5 ml India ink (Pelican) was injected into the perfusion stream and the appearance of each uterine horn was observed as the perfusion continued. For investigation of relationships between the uterine radial veins and radial arteries, the main uterine vein was cannulated with polythene (PE50) tubing near the oviduct and ligatures were placed on its cervical end and on the radial veins where they entered the uterine horn. The abdominal aorta was opened and the extrinsic uterne veins were flushed first with 0-9% (w/v) NaCl solution, then with India ink at a perfusion pressure of 100 mmHg. The uterus and its vasculature were then removed in toto from the animal, fixed in 10 % formalin overnight and cleared in glycerol for microscopic inspection by transmitted light.
Results
Distribution of adrenergic axons in the uterus of the virgin female
The distribution of adrenergic axons within the uterus was as reported by Sjöberg (1968) . The outer longitudinal and inner circular smooth muscle layers contained scattered fluorescent fibres which ran parallel to the direction of the muscle fibres and did not appear to be related to blood vessels. In addition, a dense population of fluorescent fibres was associated with the parametrial arteries and with the small arteries and arterioles running through and between the smooth muscle layers. These axons were closely applied to the outer surface of the arterial media (PI. 1, Fig. 1 ). No characteristic differences in the pattern or density of innervation were noted along the length of the uterine horns. The appearance of the adrenergic nerves was similar in uteri from animals in oestrus or dioestrus.
Origin of the uterine adrenergic innervation
Interruption of the nerves reaching the uterus from its ovarian end in 4 animals resulted in degeneration of almost all fluorescent fibres associated with the myometrium and arteries in the ovarian third of the uterine horn. There was a decreased density of fibres in the middle portion of the horn, but the innervation of the cervical third of the horn appeared normal. By contrast, destruction of the paracervical ganglia in 3 animals produced complete or almost complete loss of fluorescence in the cervical third of the horn and loss of some fibres from the middle portion but had no effect on fluorescence in the ovarian third. An identical pattern of degeneration was seen in 2 other animals in which the main uterine artery itself was frozen at the level of junction of the uterine horns, but freezing the artery at the level of the cervix had no visible effect on the density of innervation. When the ovarian or uterine artery was denervated the degree of destruction of adrenergic axons associated with par¬ ticular radial arteries paralleled the degree of destruction occurring within the portion of the horns supplied by these arteries.
Serial sections of the paracervical ganglia in one normal animal revealed that a small number (less than 10%) of the ganglion cells exhibited catecholamine fluorescence. However, serial cross-sections of the vagina and uterine body of 2 animals failed to reveal any fluorescent intramural ganglion cells. In a further 5 animals surgical separation of uterine horns from uterine body had no effect on the density of adrenergic axons in the horns. Fig. 3 ). In transverse section these vessels were seen to be small veins which ran in the arterial adventitia. In serial sections of several radial arteries these small veins were seen to be in continuity with a system of capillaries lying in the arterial adventitia and connected to small muscular vessels which arose from the lumen of the radial artery itself (PI. 1, Figs 4 and 5).
Intrauterine connections of uterine arteries and veins
In 5 animals one uterine artery was perfused with India ink to determine whether it supplied both uterine horns. During the first few seconds of perfusion, ink appeared only in the ipsilateral horn, but subsequently it travelled in vessels lying superficially in the uterine body and appeared at the base of the contralateral horn. The ink slowly reached the middle portion of the contralateral horn, but the ovarian end of the contralateral horn remained almost unmarked.
Effect of intraluminal hormones on fluorescence of uterine adrenergic axons
In 6 animals fitted with the implants fluorescence of the intrauterine axons in the right horn was normal (PI. 2, Fig. 6 ) after 6-14 days but no fluorescence was observed in the left horn which con¬ tained the progesterone-impregnated pellet (PI. 2, Fig. 7) . In 2 animals, only the progesteronecontaining pellet was implanted and no ligature was applied; in both fluorescence was completely absent from the implanted and contralateral horns by 10 days after implantation. In none of the 8 animals was there loss of normal fluorescence from axons in the vagina, atria or mesenteric arteries. Direct interference of progesterone with the formation of the noradrenaline fluorophore was excluded by the observation that immersion of control tissues in dimethylsulphoxide containing 10 mg pro¬ gesterone/ml before freeze-drying did not affect normal development of axonal fluorescence. The rate of hormone absorption during implantation, as judged by changes in pellet weight after brief drying in a warming oven, appeared rather variable but in all instances was less than 0-5 mg/day. Implantation into one uterine horn of pellets containing 40 mg oestradiol/g for 10-15 days had no effect on the normal pattern of fluorescence in three animals, although marked hypertrophy of the uterus and mammary tissue indicated that absorption had occurred.
In 4 animals, subcutaneous implantation on the shoulder of 100 mg fused progesterone pellets (Organon) for 14 days (rate of absorption 0-5 mg/day) had no effect on uterine fluorescence. Daily intramuscular injection of 0-5 mg progesterone (Schering) for 7 days similarly had no effect on uterine fluorescence in another 4 animals.
Effect of implantedprogesterone on fluorescence of adrenergic vasomotor axons in skeletal muscle
Five virgin guinea-pigs were given implants in the gastrocnemius muscles to determine whether the local loss of fluorescence seen during progesterone implantation in the uterine horn was specific for that organ. The animals were killed 8-33 days later. In all cases arterioles running through the gastrocnemius in the vicinity of the pure wax pellet were accompanied by a plexus of brightly fluorescent adrenergic axons (PI. 2, Fig. 8 ). By contrast, the arterioles which lay close to the proges¬ terone-containing pellets were completely devoid of fluorescent axons in 4 out of the 5 animals (PI. 2, Fig. 9 ). In 4 other animals, pellets containing 40 mg oestradiol/g had no effect on the vasomotor fluorescence of arterioles close to the site of implantation in the gastrocnemius muscle.
Discussion
Sjöberg (1968) observed that hypogastric nerve section below the inferior mesenteric ganglion in the guinea-pig did not cause degeneration of the intrauterine adrenergic axons. He concluded that these axons arose from 'short' adrenergic neurones which had their cell bodies in the pelvic plexus. Other workers have considered that the adrenergic supply to the guinea-pig uterus is by 'long' neurones which travel with the ovarian artery (Isaac et al., 1969; Kulkarni et al., 1976) . The present results confirm the report of Langley & Anderson (1895) that the guinea-pig uterus receives sympathetic axons from the ovarian and pelvic ends and offer a way of reconciling the conflicting views held by later workers. While the ovarian end of the uterine horn is supplied almost entirely by the ovarian nerves, the cervical portion of the horn is supplied almost entirely by nerves travelling from the pelvic area. The central part of the horn receives nerves from both sources. This means that, depending on the region of the uterus examined and probably also to some extent on variability between animals, section of the ovarian or the hypogastric supply could be interpreted as causing complete or no denervation.
In the rabbit, Owman & Sjöberg (1966) reported the existence of adrenergic ganglion cells in the utero-vaginal wall and concluded that these were the cell bodies of the uterine adrenergic supply. We have been unable to find an equivalent population of ganglion cells in the wall of the uterine body or the vagina of the guinea-pig and have also demonstrated, by complete separation of uterine horn and body, that the adrenergic nerves to the horns do not travel from the body within the uterine wall. By contrast, we did observe that extirpation of the small paracervical ganglia, which lie close to the uterine artery and which supply the cell bodies of the cholinergic vasodilator fibres to this vessel (Bell, 1973) , produced degeneration of adrenergic axons supplying both the myometrium and the blood vessels in the cervical part of the uterine horn. Some of these axons probably originated from the small population of paracervical ganglion cell bodies which exhibited catecholamine fluorescence. How¬ ever, destruction of the paracervical ganglia would also have caused degeneration of any postganglionic axons of sympathetic chain origin which were travelling to the uterine artery through this area.
We observed that the loss of fluorescence from intrauterine adrenergic axons during pregnancy was initially restricted to that area of the uterine wall immediately adjacent to the site of implantation.
With advancing gestation the area affected spread radially outwards to include both the entire preg¬ nant horn and, later, the empty horn as well. This sequence of events suggests that the factor respon¬ sible for loss of fluorescence originates from the fetus or placenta, and gains access to the intrauterine adrenergic axons not via the systemic circulation but by passage through the uterine tissue. We observed that in female fetuses near to term the fluorescence of adrenergic nerves, in the uterus and elsewhere, was similar to that observed in normal non-pregnant adult animals. As there is no reason to suspect that fetal nerves are resistant to the hormonally-induced loss of fluorescence, this suggests that the placenta, rather than the fetus, is the site of origin of the factor involved.
The precise pathway by which this factor reaches those parts of the uterus remote from the im¬ plantation site is not clear. We demonstrated anatomical continuity between the radial veins and radial arteries, but in the absence of information on relative pressures in the two vessels the signifi¬ cance of these connections is uncertain. Despite their localization to the arterial adventitia and the small size of the parent vessels concerned it is possible that they represent a vasa vasorum, functional over the period of pregnancy when hypertrophy of the radial arteries occurs. We also demonstrated anastomotic vascular connections by which material could pass across the uterine body from one horn to the other. However, as Egund & Carter (1974) have reported that no such anastomoses are detectable in the intact animal they may not be functionally patent.
Implantation into the lumen of one uterine horn of pellets containing progesterone produced disappearance of fluorescent nerves within the uterus similar to that seen during pregnancy. If no obstruction was placed between the two horns then both exhibited loss of fluorescence, but if the progesterone-containing horn was ligated at its base then the effect was restricted to that horn. No diminution of fluorescence was seen following intraluminal implantation of pellets containing oestradiol or composed of wax alone. These results suggest that progesterone is the placental factor responsible for intrauterine diminution of fluorescence during pregnancy; the time at which this diminution is first noted (about 20 days of gestation) corresponds to that at which peripheral plasma progesterone concentrations rise appreciably above values in non-pregnant guinea-pigs (Challis, Heap&Illingworth, 1971) .
Pregnancy or progesterone implants caused loss of fluorescence from the 'long' adrenergic axons entering the uterus with the ovarian artery as well as from the 'short' pelvic axons and progesterone implants in skeletal muscle also caused loss of fluorescence from adjacent vasomotor axons. The restriction of the loss during pregnancy to the intrauterine axons may therefore not be related to any peculiarity of these axons but to the fact that the relatively high concentration of progesterone re¬ quired to produce the effect is not attained in the systemic circulation.
The mechanism by which progesterone might affect catecholamine fluorescence is unknown, but the observation that uterine noradrenaline content is not markedly depressed during pregnancy suggests that changes in binding of the releasable amine rather than the total axonal amine may be involved (Bell, 1974) .
The horizontal bar in Fig. 2 represents 100 µ for Figs 1, 2, 4 and 5. The vertical bar in Fig. 3 represents 1 mm for that figure. Fig. 1 . Section from the middle of the uterine horn of a virgin guinea-pig, showing catecholamine fluor¬ escence of the adrenergic axons associated with myometrium and with intrauterine arteries. Fig. 2 . Section from the equivalent portion of the non-pregnant horn in a unilaterally pregnant guinea-pig (gestational age 60 days). Note the absence of fluorescence around the arteries (arrows) and in the myometrium. Fig. 3 . Demonstration by ink perfusion through the uterine venous supply (V) of a venous plexus which arises from the radial vein (X) and ramifies over the accompanying radial artery (A).
Figs 4 and 5. Haematoxylin-eosin-stained transverse sections from the radial artery and vein shown in Fig. 3 . The plane of section in Fig. 4 is through the point of branching of the radial vein (X). The resultant venous plexus surrounding the artery can be seen as ink-containing profiles localized to the arterial adventitia (arrows). Fig. 5 is a section approximately 2 mm distal to that in Fig. 4 and shows a sidebranch of the radial artery entering the arterial adventitia (arrow). Examination of serial sections between the two points con¬ firmed that the adventitial artery and veins were in continuity.
PLATE 2
The horizontal bar in Fig. 7 represents 100 µ for all Figures. Fig. 6 . Intense fluorescence of adrenergic axons associated with myometrium and intrauterine arteries from a uterine horn into which a 50 mg wax pellet had been implanted 7 days before. Fig. 7 . Absence of fluorescence from myometrium and from arteries (arrows) in the contralateral horn implanted, 7 days before, with a 50 mg wax pellet containing 400 mg progesterone/g. Transfer of proges¬ terone into the control horn was prevented by ligating the treated horn below the implant. Fig. 8 . Intense fluorescence of adrenergic axons associated with arterioles in the gastrocnemius muscle, close to the site of implantation of a 20 mg wax pellet 13 days before. Fig. 9 . Absence of fluorescence from arterioles (arrows) in the contralateral gastrocnemius muscle close to the site of implantation, 13 days before, of a 20 mg wax pellet containing 400 mg progesterone/g.
